Earlier findings had suggested that spontaneous and evoked glutamate release activates non-overlapping populations of NMDA receptors. Here, we evaluated whether AMPA receptor populations activated by spontaneous and evoked release show a similar segregation. To track the receptors involved in spontaneous or evoked neurotransmission, we used a polyamine agent, philanthotoxin, that selectively blocks AMPA receptors lacking GluR2 subunits in a use-dependent manner. In hippocampal neurons obtained from GluR2-deficient mice, philanthotoxin application decreased AMPA-receptor-mediated spontaneous miniature EPSCs (AMPA-mEPSCs) down to 20% of their initial level within 5 min. In contrast, the same philanthotoxin application at rest decreased the subsequent AMPA-receptormediated evoked EPSCs (eEPSCs) only down to 80% of their initial value. A 10-min-long perfusion of philanthotoxin further decreased AMPA-eEPSC amplitudes to 60% of their initial magnitude, which remained substantially higher than the level of AMPA-mEPSC block achieved within 5 min. Finally, stimulation after removal of philanthotoxin resulted in reversal of AMPA-eEPSC block, verifying strict use dependence of philanthotoxin. These results support the notion that spontaneous and evoked neurotransmission activate distinct sets of AMPA receptors and bolster the hypothesis that synapses harbor separate microdomains of evoked and spontaneous signaling.
Introduction
Spontaneous neurotransmission is a ubiquitous property of all synaptic networks (Fatt and Katz, 1952; Katz, 1969) . These random release events typically arise from fusion of a single synaptic vesicle that activates receptors at an individual postsynaptic site giving rise to miniature EPSCs or IPSCs (mEPSCs or mIPSCs). The capacity of mEPSCs and mIPSCs to report properties of neurotransmission at individual synapses has been instrumental in analysis of synaptic transmission as well as plasticity. At excitatory synapses in the CNS, spontaneous glutamate release activates NMDA and AMPA receptors, leading not only to electrical signaling but also to independent biochemical Ca 2ϩ -mediated signal transduction (McKinney et al., 1999; Sharma and Vijayaraghavan, 2003; Sutton et al., 2004 Sutton et al., , 2006 Sutton et al., , 2007 Espinosa and Kavalali, 2009; Lee et al., 2010) . Furthermore, there is evidence that vesicles that drive these two modes of neurotransmission are supplied by different pools (Koenig and Ikeda, 1999; Sara et al., 2005; Wasser et al., 2007; Mathew et al., 2008; Chung et al., 2010) [but see Prange and Murphy (1999) , Groemer and Klingauf (2007) , Hua et al. (2010) , and Wilhelm et al. (2010) ]. For instance, earlier studies from our group demonstrated that a large portion of spontaneously released vesicles are drawn from a pool other than the readily releasable pool that normally gives rise to evoked release Virmani et al., 2005) . More recently, Fredj and Burrone (2009) took advantage of a biotinylated version of synaptic vesicle protein synaptobrevin2/VAMP2 to mark recycling vesicles and showed that spontaneous release largely originates from the resting pool, which normally remains dormant during activity.
The differential regulation of spontaneous and evoked release may suggest a biological framework where synapses convey different types of information using the same channel. Consequently, this notion implies a postsynaptic mechanism that can distinguish these two signals originating from distinct vesicle pools. A recent study has provided evidence that spontaneous and evoked release activate non-overlapping populations of postsynaptic NMDA receptors (Atasoy et al., 2008) . These experiments relied on (ϩ)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate (MK-801), a use-dependent NMDA receptor antagonist (Huettner and Bean, 1988) , to block NMDA receptors and revealed that complete blockade of spontaneous NMDA-mEPSCs left subsequent NMDA receptor-mediated responses to evoked neurotransmitter release unaffected. However, the majority of fast excitatory neurotransmission in the brain is performed by AMPA receptors, which also constitute the major current carrier during spontaneous transmission under physiological conditions (Espinosa and Kavalali, 2009) . Additionally, activation of AMPA receptors by spontaneous glutamate release was shown to be necessary for maintenance of spines as well as postsynaptic signaling at rest (McKinney et al., 1999) . Therefore, we evaluated whether AMPA receptor populations activated by spontaneous and evoked release show segregation similar to their NMDA receptor counterparts. To track the receptors involved in spontaneous or evoked neurotransmission, we used a polyamine agent, philanthotoxin (Washburn and Dingledine, 1996) , that selectively blocks GluR2 subunit-deficient AMPA receptors in a use-dependent manner, and to increase philanthotoxin sensitivity of excitatory neurotransmission, we used GluR2-deficient mouse hippocampal neurons (Jia et al., 1996) .
Materials and Methods

Neuronal preparation
Hippocampal neurons were isolated from wild-type and GluR2-deficient (GluR2Ϫ/Ϫ) mouse (Jia et al., 1996) pups of either sex at postnatal day 1-2 using previously described methods (Kavalali et al., 1999) . Recordings were obtained from 2-week-old high-density hippocampal cultures, when synapses reach their functional maturity (Mozhayeva et al., 2002) .
Electrophysiology
Cultured hippocampal cells were visualized with an inverted microscope (Zeiss Axiovert S100). Recordings were made in whole-cell voltageclamp mode and cells held at Ϫ70 mV. Extracellular solution contained the following (in mM): 150 NaCl, 4 KCl, 2 MgCl 2 , 10 glucose, 10 HEPES, and 2 CaCl 2 , pH 7.4 (310 mOsm). To isolate AMPA receptor currents induced by EPSCs, recordings were made in the presence of D-AP-5 (50 M) and picrotoxin (PTX; 50 M), to block NMDA and GABA-activated currents, respectively. Spontaneous miniature EPSC (mEPSC) recordings were performed in the presence of tetrodotoxin (TTX) (1 M) in the external solution to suppress action potential firing. Philanthotoxin (Tocris Bioscience) was dissolved to its final concentration in the extracellular solution. Intracellular solution consisted of the following (in mM): 115 Cs-MeSO 3 , 10 CsCl, 5 NaCl, 10 HEPES, 0.6 EGTA, 20 tetraethylammonium-Cl, 4 Mg-ATP, 0.3 Na 2 GTP, and 10 lidocaine N-ethyl bromide 2(triethylamino)-N-(2,6-dimethylphenyl) acetamine (QX-314), pH 7.35 (300 mOsm; Sigma). Electrode tips had final resistances of 3-6 M⍀. Currents were recorded with an Axopatch 200B amplifier and pClamp 9.0 software (Molecular Devices). Recordings were filtered at 2 kHz and sampled at 10 kHz. Evoked EPSCs were elicited by rectangular pulses with 1 ms duration and 20 -25 mA amplitude delivered via a constant current unit (WPI A385) through parallel platinum electrodes. This stimulation setting activates the majority of synaptic boutons formed on a neuron located between the electrodes (Atasoy et al., 2008) . All statistical comparisons were performed with a two-tailed paired or unpaired t test when appropriate. Cumulative histograms of mEPSC amplitudes were assessed using the Kolmogorov-Smirnov (K-S) test. All values are given as mean Ϯ SEM.
Results
Philanthotoxin rapidly decreases mEPSC activity in GluR2-deficient hippocampal neurons
We used the polyamine compound philanthotoxin, a selective channel blocker of Ca 2ϩ -permeable AMPA receptors, as a pharmacological tool to confirm the predominance of GluR1 subunitcontaining AMPA receptors in hippocampal cultures prepared from constitutive GluR2 knock-out (GluR2Ϫ/Ϫ) mice. We monitored the miniature spontaneous EPSCs (mEPSCs) by holding the cells at Ϫ70 mV in the presence of TTX. Before the drug application, average spontaneous mEPSC frequency was ϳ3 Hz in both cultures from wild-type and GluR2 knock-out mice, suggesting that GluR2 deficiency had a negligible impact on spontaneous neurotransmitter release rate. Application of philanthotoxin (100 M) reduced the mEPSC frequency in GluR2Ϫ/Ϫ neurons but did not affect mEPSCs in cultures from wild-type animals ( Fig. 1 A) . The kinetics of philanthotoxin block displayed two phases: first, a rapid reduction in frequency with a time constant of 19 s, and second, a slower phase with a time constant of ϳ300 s (Fig. 1 B) . Accordingly, charge transfer kinetics of AMPA-mEPSCs recorded from GluR2-deficient neurons showed a similar inhibition pattern with time constants of ϳ16 and ϳ240 s (Fig. 1C) . On the other hand, philanthotoxin did not produce any alterations in mEPSC properties and frequency in cultures from the wild-type mice ( Fig. 1 A, D) . These results demonstrate that the inhibition induced by philanthotoxin is due to its specific action on GluR2-lacking AMPA receptors. In the same experiments, the distribution of mEPSC amplitudes showed a small but significant reduction after philanthotoxin application in GluR2-deficient neurons but not their control counterparts Fortin et al., 2010) . Moreover, mEPSCs showed faster decay times (before philanthotoxin, 9.5 Ϯ 0.8 ms; after philanthotoxin, 6.6 Ϯ 0.6 ms; p Ͻ 0.03; n ϭ 8) consistent with open channel block. These findings imply that remaining mEPSCs after 5-min-long application of philanthotoxin were still philanthotoxin sensitive.
To further evaluate the contribution of philanthotoxininsensitive receptor populations to the AMPA-mEPSC activity remaining after philanthotoxin application, we applied philanthotoxin in the presence of 1 mM glutamate to block all surface receptors (Fig. 2 A) . This maneuver led to cessation of all mEPSC Figure 1 . Philanthotoxin blocks spontaneous mEPSC activity only in neuronal cultures from GluR2-deficient mice. A, Representative traces of mEPSCs before and during 100 M philanthotoxin perfusion. B, Philanthotoxin did not affect mEPSC frequency in wild-type neurons but significantly reduced mEPSC frequency in GluR2-deficient neurons during 5 min of drug perfusion. mEPSC frequency is calculated as per second average of total number of events detected per 5 s. C, Charge transfer kinetics of spontaneous AMPA-mEPSCs in wild-type and GluR2-deficient neurons during 5 min perfusion of philanthotoxin treatment. mEPSC data are quantified as charge transfer at 10 s intervals (n ϭ 7 for each group). All error bars indicate SEM. D, E, The distribution of mEPSC amplitudes showed a small but significant reduction after philanthotoxin application in GluR2-deficient synapses (E) but not in control ones (D). activity (n ϭ 4, 4.1 Ϯ 1.3 Hz before philanthotoxin, no detectable mEPSCs after block in all experiments), thus corroborating the premise that all receptor populations are in principle philanthotoxin sensitive.
To address the possibility that the slow phase of philanthotoxin block originates from sites with extremely slow spontaneous release that otherwise possess philanthotoxin-sensitive receptor populations, we increased extracellular Ca 2ϩ concentration to 10 mM to augment spontaneous release. Increase in extracellular Ca 2ϩ concentration increases the rate of spontaneous neurotransmitter release detected electrophysiologically as well as optically at the level of individual synapses, even in sites with a low initial rate of spontaneous release Atasoy et al., 2008) . Interestingly, application of philanthotoxin in the presence of 10 mM Ca 2ϩ did not give rise to a significantly different profile of block compared to the one seen in 2 mM Ca 2ϩ , although overall frequency of mEPSCs was augmented nearly twofold (10 mM Ca 2ϩ , 5.3 Ϯ 0.3 Hz, n ϭ 8 vs 2 mM Ca 2ϩ , 3.7 Ϯ 0.4 Hz, n ϭ 8; p Ͻ 0.02) (Fig. 2 B, C) . This result indicates that the slow phase of philanthotoxin block likely originates from recruitment and mixing of unblocked receptor populations presumably via lateral diffusion of channels or receptor insertion into the postsynaptic membrane.
Prior blockade of mEPSCs by philanthotoxin does not occlude subsequent evoked AMPA-eEPSCs Next, we aimed to assess the impact of philanthotoxin on evoked AMPA receptor-mediated EPSCs (AMPA-eEPSC). Here, after attaining stable evoked AMPA-eEPSC responses, we paused stimulation and perfused philanthotoxin onto the cultures. To eliminate AMPA receptor blockade as a result of spontaneous network activity present in Ͼ2-week-old cultures, philanthotoxin perfusion was preceded with TTX (ϳ1 min) treatment followed by philanthotoxin/TTX co-perfusion. Before the next round of stimulation, we removed TTX from the bath (within 2 min) but continued the philanthotoxin perfusion. After 5 min of philanthotoxin treatment, evoked transmission was resumed at 0.1 Hz, and the initial responses were found to be slightly less than those of the controls (79 Ϯ 8.1%; n ϭ 7) and progressively decayed to 13.7 Ϯ 2.5% within 200 s (Fig. 3 A, B) . Following removal of philanthotoxin, eEPSCs recovered up to 80% of their initial amplitudes within 250 s (Fig. 3B) . These results indicate that the AMPA receptor pool blocked by philanthotoxin in the presence of TTX has minimal overlap with the receptor pool activated during evoked release.
To further evaluate the mixing of the two pools of AMPA receptors, we repeated these experiments with 10 min of philanthotoxin incubation at rest. The extent of block followed the same trend as the 5 min philanthotoxin application (compare the gray and black lines in Fig. 3D ). At the end of the 10 min philanthotoxin treatment, the average amplitude of the first evoked re- sponse was 59.3 Ϯ 11% (n ϭ 6), and after 200 s of 0.1 Hz stimulation, it was reduced to 15.5 Ϯ 1.9% (Fig. 3D) . Upon removal of philanthotoxin, responses recovered back to 80% of their initial levels (data not shown). The finding that philanthotoxin treatment for 10 min increases subsequent occlusion of evoked AMPA-eEPSCs may suggest that the two pools of receptors mix with a slow time course. However, this result may also be the result of philanthotoxin's block of AMPA receptors in a useindependent fashion. To verify use dependence of philanthotoxin action, we compared rate of block at two different stimulation frequencies. After 5 min of philanthotoxin incubation, we increased stimulation frequency 10-fold (1 Hz), and at the end of 20 s of stimulation, eEPSC amplitude was found to be 7.9 Ϯ 4.4% of the control levels; however, reductions comparable to 0.1 Hz were achieved only after 200 s of stimulation (Fig. 3C) . Therefore, as reported earlier (Washburn and Dingledine, 1996; Mainen et al., 1998) , philanthotoxin inhibits GluR1-AMPA receptors in a use-dependent and reversible manner in our culture system.
Discussion
In this study, we used mice deficient in GluR2 subunits of AMPA receptors and quantitatively examined the impact of evoked and spontaneous neurotransmitter release on AMPA receptordependent glutamatergic signaling. These mice provided a unique setting to take advantage of polyamine compounds, such as philanthotoxin, that block GluR2-lacking AMPA receptors. In these experiments, sensitivity to philanthotoxin verified the dominance of GluR2-deficient receptor populations in this system. Moreover, philanthotoxin turned out to be a bona fide usedependent blocker of GluR2-lacking AMPA receptors, akin to MK-801 block of NMDA receptors (Mainen et al., 1998) and enabled us to examine the relationship between postsynaptic receptors activated by spontaneous and evoked release using usedependent block of unitary AMPA currents.
These studies provided three principle observations. First, philanthotoxin block of spontaneous AMPA-mEPSCs proceeded rapidly with a biphasic kinetic profile and decreased mEPSC frequency as well as mEPSC-mediated charge transfer within 5 min. Second, the rapid block of AMPA-mEPSCs (to a level Ͻ20% of the initial baseline activity) caused only very limited occlusion of the subsequent evoked AMPA-eEPSCs, which were reduced to 80% of their initial level. A 10 min perfusion of philanthotoxin decreased the level of subsequent AMPA-eEPSC amplitudes to 60%, which remained substantially above the level of AMPAmEPSC block achieved within 5 min. Third, stimulation after removal of philanthotoxin resulted in a reversal of evoked AMPA-eEPSC block, verifying strict use dependence of philanthotoxin. These results are in agreement with observations on the differential MK-801-mediated block of NMDA-mEPSCs and NMDA-eEPSCs. However, there are also notable differences. The kinetics of use-dependent recovery from philanthotoxin block is faster than recovery from MK-801 block (Huettner and Bean, 1988; Atasoy et al., 2008) . This property of philanthotoxin made testing occlusion of spontaneous AMPA-mediated neurotransmission by evoked release events unfeasible. Moreover, philanthotoxin block of spontaneous AMPA-mEPSCs triggered a more marked reduction in subsequent evoked AMPA-eEPSCs, suggesting that AMPA receptors activated in response to spontaneous and evoked release manifest more cross talk than their NMDA receptor counterparts. This observation is consistent with the higher mobility of AMPA receptors compared to NMDA receptors (Groc and Choquet, 2008) . Faster mobility across the dendritic surface may lead to more rapid mixing of blocked and unblocked receptor populations. Experiments presented in Figure 2 further support this premise by indicating that the slow phase of mEPSC block seen during philanthotoxin application is likely due to mixing of blocked and unblocked receptor populations. Nevertheless, using philanthotoxin provided us with a critical advantage by enabling higher signal-to-noise measurements of decreases in mEPSC frequency in addition to charge transfer. In our earlier experiments, accurate estimation of NMDAmEPSC frequency was confounded by the inherent low signal-tonoise levels of these recordings (Atasoy et al., 2008) .
These findings are also consistent with an alternative hypothesis that spontaneous release from a small population of terminals dominates the overall mEPSC activity and this population can be silenced swiftly by philanthotoxin with minimal impact on evoked EPSCs that originate from all synapses. Although this alternative remains plausible, optical imaging analysis of spontaneous release to date failed to uncover such a synaptic niche where a high level of spontaneous release dominates (Atasoy et al., 2008; Chung et al., 2010) . Most optical studies to date agree that the sizes of synaptic vesicle pools giving rise to spontaneous and evoked release are correlated across synapses (Prange and Murphy, 1999; Sara et al., 2005; Groemer and Klingauf, 2007; Fredj and Burrone, 2009 ), although average spontaneous or evoked release rate per synapse may show significant variation (Atasoy et al., 2008) .
These experiments rely on the modified genetic background of the GluR2-deficient mice, which presents a clear limitation to direct extrapolation of their results to wild-type synapses. Nevertheless, together with earlier work using genetically unmodified receptor populations on the segregation of NMDA receptormediated spontaneous and evoked synaptic responses, they make a cohesive case and provide several key implications. Most importantly, they indicate that the dichotomy we had observed earlier in NMDA receptor signaling was not due to a specific property of NMDA receptors but rather originates from distinct microdomains of evoked and spontaneous signaling (Sutton and Schuman, 2009) . Similar segregation of NMDA receptor activation by evoked and spontaneous release also suggests that the observations we report here are not only specific to GluR2-deficient receptors but are very likely to be applicable to GluR2-containing receptors as well. These findings also argue against the possibility that potential differences between fusion pore kinetics or glutamate release profiles of spontaneous and evoked fusion events give rise to the differential activation of receptor populations. AMPA receptors have ϳ100-fold less affinity for glutamate than NMDA receptors. Therefore, in some cases, kinetics of fusion pore opening and the ensuing profile of glutamate release have been shown to favor activation of NMDA but not AMPA receptors (Renger et al., 2001; Choi et al., 2003) . However, the parallels between use-dependent block of AMPA and NMDA receptors we observed here bolster the conclusion that segregation of spontaneous and evoked release stem from geometric differences in their respective sites of release rather than fusion pore properties.
These findings strengthen the possibility that certain disease conditions or signaling pathways may differentially affect AMPA receptor populations activated in response to evoked or spontaneous release (Pilpel et al., 2009 ) besides their selective impact on presynaptic mechanisms underlying the two forms of release (Wasser et al., 2007; Wasser and Kavalali, 2009; Nosyreva and Kavalali, 2010) . In contrast to their implications for segregation of glutamatergic postsynaptic signaling, these results provide limited further insight into the actual microscopic topography of evoked and spontaneous release at the level of individual synapses. A large number of optical imaging studies suggest that spontaneous and evoked release originate from the same synaptic boutons (Prange and Murphy, 1999; Sara et al., 2005; Groemer and Klingauf, 2007; Atasoy et al., 2008; Fredj and Burrone, 2009) . However, these studies cannot exclude the possibility that some synapses, particularly ones with release sites that cover Ͻ0.2 m 2 area (Atasoy et al., 2008) , may harbor either spontaneous or evoked release. Mutually exclusive separation of spontaneous and evoked release into distinct synapses or active zones would render segregation of postsynaptic receptor populations a natural outcome (Zenisek, 2008) . Nonetheless, optical imaging experiments to date (e.g., Atasoy et al., 2008) suggest that in a mature synaptic network only a small fraction (Ͻ30%) of synaptic boutons maintain spontaneous or evoked release exclusively. It is important to note that the fraction of synaptic boutons that are solely capable of spontaneous release is much higher among immature synapses (Mozhayeva et al., 2002; Virmani et al., 2005) . Therefore, higher-resolution imaging approaches as well as identification of specific markers for spontaneous release may uncover a larger fraction of such synapses within mature networks.
